A higher concentration of melatonin (MEL) in the intestine -even more than that in the plasma and pineal gland -implies its putative important role in the gastrointestinal structural or functional regulation. However, little evidence has shown that MEL can regulate the physiological functions of the intestinal mucosa. In this study, fertilized chicken eggs were treated with MEL (0.1 to 10 μg/d) from embryonic d 12 (E12) to post-hatching d 6 (D6), and the small intestine samples were collected at D6 to determine the changes in mucosal construction and function. Results of HE staining showed that the enterocyte number was not changed after MEL treatment. Alcian blue -periodic acid Schiff reaction (AB-PAS) staining and qRT-PCR showed that the goblet cells populations and mucins gene (MUC2) expression in the small intestine were significantly increased after MEL treatment. Meanwhile, 5-ethynyl-2'-deoxyuridine staining showed that both the proliferation and migration rates of the small intestine mucosal epithelium were promoted by MEL treatment. Importantly, MEL significantly increased the activities of the digestive enzymes (maltase, sucrose, and lactase) and expression of the nutrient transporter genes such as GLUT5, B O AT, and EAAT3 mRNAs in the duodenum or jejunum. Meanwhile, the expression of Notch receptors (Notch1 and Notch2) and their ligands (Dll1 and Dll4) were remarkably decreased after MEL treatment. In conclusion, MEL treatment increased the goblet cell populations, MUC2 expression, epithelium migration, and digestive and absorptive function of the chicken small intestine involving repressed Notch signaling.
INTRODUCTION
The small intestinal epithelium consists of absorptive cells (enterocytes) and 4 types of secretory cells (goblet, Paneth, enteroendocrine, and tuft cells). Along the mid crypt up to the villus tip, the goblet cells are scattered and can secrete mucins and trefoil proteins that are required for nutrient transition, protect against chemical damage, and maintain the balance of the bacteria system in the intestinal track. As the chief absorptive cells, the enterocytes transport nutrients into blood by transporters such as GLUT5, B O AT, and EAAT3 (Gilbert et al., 2007; Speier et al., 2012) . Furthermore, the absorptive and defensive functions of the intestinal mucosa highly depend on the rapid mucosa turnover (3-5 d in mice, Barker et al., 2012) . Hence, optimized regulation of the intestinal mucosal renewal represents a key strategy to promote the gastrointestinal health of domestic animals.
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intestinal mucosal morphological integrity and physiological functions. Interestingly, a pineal gland hormone melatonin (MEL) level in the intestine is almost 10 to 100 times higher than that in the plasma, and it was especially high in the jejunum and ileum among the small intestine of rats (Bubenik and Brown, 1997; Bubenik, 2008) . Intestinal MEL is mainly secreted by the mucosal enteroendocrine cells without circadian pattern, and also comes from food enriched in tryptophan (Bubenik and Brown, 1997; Bubenik, 2008) . Therefore, local MEL may play a pivotal role in intestinal function regulation. Moreover, besides the endocrine function, the antioxidant and antiapoptotic properties of MEL could restore the chick intestinal Ca 2+ absorption that was inhibited by menadione (Carpentieri et al., 2014) . MEL in the lumen is a potent stimulant for duodenal HCO 3 − secretion (Sjöblom and Flemström, 2003) , which is important for intestinal chemical barrier. In addition, MEL administration exerted beneficial effects in the inflammatory bowel disease (Mazzon et al., 2006) and markedly improved duodenal barrier functions (Sommansson et al., 2014) . A recent study showed that the circadian rhythm could regulate the intestinal epithelial functions (Pácha and Sumová, 2013) , indicating that this process might be mediated by MEL. However, whether exogenous MEL treatment 2942 can regulate the intestinal physiological function is not clear.
The intestinal stem cells (ISC), which are located at the bottom of the crypts, can give rise to all types of cells in the intestinal epithelium. Wnt/β-catenin signaling is essential for ISC maintenance (Sato et al., 2009) and Notch signaling could promote ISC to differentiate into the absorptive cell lineage rather than the secretory cell lineage (Stanger et al., 2005; Riccio et al., 2008; Pellegrinet et al., 2011) . In addition, Notch could be negatively regulated by Wnt signaling (Stanger et al., 2005) . Consistently, genetic deletion of both Notch1 and Notch2 receptors (Riccio et al., 2008) or both deltalike 1 (Dll1) and Dll4 ligands (Pellegrinet et al., 2011) resulted in decreased cellular proliferation in the intestinal crypts together with secretory cell hyperplasia. Furthermore, Olfm4, an ISC marker gene, is a direct transcription target of Notch signaling (Van Dussen et al., 2012) . Several studies showed that MEL was able to inhibit proliferation of human breast cancer cells by inhibiting Notch1-mediated signaling (Margheri et al., 2012; Squecco et al., 2015) . Since self-renewal of the intestinal epithelium is imperative for structural integrity and normal functions of the intestine, accurate regulation of the mucosa self-renewal by hormones or cytokines is essential for intestinal homeostasis. However, whether the effect of MEL on intestinal self-renewal is mediated by Notch signaling is unclear.
In this study we investigated the effects of MEL on chicken intestinal mucosal structure, mucosal epithelium self-renewal, and absorptive functions. Meanwhile, the role of Notch signaling involved in the MEL effects also was explored.
MATERIALS AND METHODS

Animals and Sample Collection
Fertilized Hyline chicken (Gallus gallus) eggs were obtained from a commercial hatchery and incubated in an incubator at 38.5
• C and 60% humidity. The eggs were divided into control group (PBS) and MEL (0.1, 1, and 10 μg/d) injection groups. From embryonic d 12 (E12) to post-hatching d 6 (D6), MEL or PBS was administrated through the air sac (embryos) or peritoneum (chicks) at 08:30 hours. The small intestines were collected at D6 and fixed in 4% paraformaldehyde or kept in liquid nitrogen. All experimental procedures were approved by the Guiding Principles for the Care and Use of Laboratory Animals of Zhejiang University.
Histological Assay
The intestinal samples (D6, n = 3) were prepared for paraffin section (5 μm thickness). Then, hematoxylin and eosin (HE) staining was performed to determine the influence of MEL on columnar epithelial cell populations. Meanwhile, alcian blue-periodic acid Schiff reaction (AB-PAS) was performed to determine the effect of MEL on goblet cell populations. The number of columnar epithelial and goblet cells was expressed as cells/μm villus length.
EdU Staining
5-ethynyl-2'-deoxyuridine (EdU) incorporation, which can specifically mark the S phase cells, was adopted to detect the intestinal mucosal epithelial proliferation and migration. Briefly, each chick was injected intraperitoneally with EdU (4 mg/kg body weight) at 8:30 on D6, and then the small intestines were removed after 6 h and fixed in 4% paraformaldehyde for slicing. The sections were then stained by Cell-Light TM EdU Apollo R 488 In Vivo Imaging Kit (C10321-3, Ribobio Co Inc, Guangdong, China). The epithelial proliferation rate was assayed by EdUpositive cells/μm villus length. The epithelial cell migration rate was estimated by distance from highest EdU-positive cells in the villus to the crypt bottom.
Measurement of Digestive Enzyme Activities
The intestine samples from D6 chicks were homogenized in ice-cold physiological saline. The supernatant was collected and stored at −80
• C until analysis. Maltase, sucrase, trypsin, lactase, and lipase activities were measured by colorimetric methods with respective commercial kits (Jiancheng Bioengineering Institute, Nanjing, China). Each sample was assayed in 3 replicates.
Real-time Quantitative RT-PCR
Real-time quantitative RT-PCR (qRT-PCR) was performed to detect the expression of the Mucin 2 gene (MUC2, produced and secreted continuously by goblet cells), nutrient transporter genes (GLUT5, EAAT3, and B O AT), and key factors of Notch signal pathway (Notch1, Notch2, Dll1, Dll4 and Hes1) in chicken intestinal mucosa. Briefly, total RNA of the small intestine from D6 chicks was extracted using Trizol reagent (Invitrogen Co., Carlsbad, CA), and cDNA was synthesized by using a reverse transcription kit (Fermentas, Glen Burnie, MD). For qRT-PCR, 2 μl cDNA template, 400 nM primers (Table 1) , 0.4 μl ROX reference dye II, and 10 μl SYBR Premix Ex Taq (TaKaRa Bio Inc., Shiga, Japan) were mixed gently and reacted as follows: 95
• C for 10 s, 40 cycles of 95 • C 5 s, followed by 60
• C 34 s. All samples were repeated in triplicate.
Data Analysis
Date were expressed as means ± SEM, and differences among various groups were analyzed with oneway ANOVA, followed by a post hoc LSD multiple comparison test of SPSS 11.5 (SPSS Inc, Chicago, IL). Values of P < 0.05 were considered statistically significant.
RESULTS
Effect of MEL on Chicken Intestinal Mucosal Epithelia
As the main absorptive cells in the intestinal mucosa, the enterocytes could be identified by their tall and narrow shape in HE staining ( Figure 1A ). As the principal secretive cells in the intestinal mucosa, the goblet cells could be distinguished by their specific purplish red cytoplasm in AB-PAS staining (Figure 1B) . From AB-PAS staining analysis, the number of the goblet cells increased from the duodenum to the ileum. After MEL treatment, the numbers of enterocytes showed no significant difference (P > 0.05) compared with the control group (Figure 1C) , but the goblet cell number was increased significantly ( Figure 1D ). At the duodenum, compared with the control group, treatment with MEL (1 and 10 μg/d) increased the number of the goblet cells by 22.8% (P < 0.001) and 45.3% (P < 0.001), respectively. At the jejunum, treatment with MEL (1 and 10 μg/d) increased the goblet cells number by 24.9% (P = 0.016) and 14.7% (P = 0.131), respectively, compared with the control group. At the ileum, the number of goblet cells was elevated by 9.8% (P = 0.008) and 16.8% (P = 0.001) after MEL treatment at 1 and 10 μg/d, respectively, compared with the control group. Consistently, the expression of MUC2 mRNA (Figure 2) in the duodenum, jejunum, and ileum was all significantly increased (P < 0.05) after MEL treatment at 0.1, 1, and 10 μg/day, compared with the control group.
Effect of MEL on Proliferation and Migration of Chicken Intestinal Mucosal Epithelium
To verify the effect of MEL on the proliferation and migration of intestinal mucosa, EdU staining was performed to identify the epithelial cells in the S phase of cell cycles. As shown in Figure 3A , the EdU-positive cells were green and located at the crypt bottom. Statistical results manifested that the EdU-positive cells were significantly increased by MEL treatment at 1 and 10 μg/d (Figure 3B ). At the duodenum, compared with the control group, MEL treatment (1 and 10 μg/d) significantly promoted the proliferation of epithelial cells by 27.0% (P = 0.004) and 24.5% (P = 0.008), respectively. At the jejunum, the increases in the proliferating cell number were 21.8% (P = 0.036) and 22.8% (P = 0.029) by MEL treatment (1 and 10 μg/d), respectively. At the ileum, the increases in the proliferating cell number were 36.0% (P = 0.011) and 33.7% (P = 0.016) by MEL treatment (1 and 10 μg/d), respectively. In addition, as shown in Figure 3C , the epithelium migration rate of all small intestinal segments by 1 and 10 μg/d MEL treatment was significantly faster than the control group (P < 0.05).
Effect of MEL on Digestive and Absorptive Functions
To determine the effect of MEL on the digestion function of chicken intestinal mucosa, the activities of digestive enzymes were analyzed. As shown in Table 2 , digestive enzymes were significantly increased by MEL treatment at 1 or 10 μg/day. At the duodenum, compared with the control group, MEL treatment (1 μg/d) dramatically increased the activities of maltase and sucrase by 76.08% (P = 0.023) and 36.11% (P = 0.022), respectively. At the jejunum, the increases in the sucrase and lactase activities were 52.22% (P = 0.032) and 38.55% (P = 0.040) by MEL treatment (1 μg/d) . However, no significant increase in digestive enzymes activities was detected at the ileum (data not shown).
To further explore the effect of MEL on the intestinal absorption function, qRT-PCR was performed to investigate the expression of nutrient transporter genes in the small intestine. The results showed that the nutrient transporter genes could be up-regulated by MEL treatment at 1 or 10 μg/d (Figure 4) . At the duodenum, MEL treatment (1 and 10 μg/d) remarkably increased the expression of GLUT5 (P < 0.05) and B O AT mRNAs (P < 0.05), compared with the control group. At the jejunum, MEL treatment (1 μg/d) significantly increased the expression of B O AT (P < 0.05) and EAAT3 mRNAs (P < 0.05), but at the ileum, no significant increase in 
Effect of MEL on Notch Signal Pathway in Intestinal Mucosa
To gain insight into the signaling mechanism by which MEL regulates intestinal mucosal epithelia proliferation and differentiation, the gene expression of Notch ligands (Dll1, Dll4), Notch receptors (Notch1, Notch2), and primary Notch signal mediator (Hes1) were detected by qRT-PCR. Statistical results showed that the Notch signaling was significantly repressed by MEL treatment at 1 and 10 μg/d (Figure 5 ). At the duodenum, MEL treatment substantially downregulated the expression of Dll1 (26.36%, P = 0.016) at 1 μg/d, and the expression of Notch1 (P < 0.05) and Notch2 (P < 0.05) at 1 or 10 μg/day. At the jejunum, MEL treatment dramatically decreased the expression of Notch1 mRNA (32.38%, P = 0.009 at 1 μg/d, and the expression of Dll1 (23.46%, P = 0.022), Dll4 (18.13%, P = 0.030), and Notch2 mRNAs (58.29%, P < 0.001) at 10 μg/day. At the ileum, MEL treatment noticeably decreased the expression of Dll1 mRNA both at 1 μg/d (40.49%, P = 0.021) and 10 μg/d (28.73%, P = 0.024), the expression of Notch1 mRNA (60.82%, P < 0.001) at 1 μg/d, and Notch2 mRNA (72.15%, P < 0.001) at 10 μg/day. However, no significant change of Hes1 expression was detected in the small intestine.
DISCUSSION
Digestion/absorption and barrier action represent the most important physiological functions of the intestine. MEL, which is secreted by the intestinal mucosal enteroendocrine cells, is integral to regulation of intestinal multiple functions. MEL was previously shown to reduce aspirin-induced gastric mucosal lesions and facilitate the healing process in humans (Konturek et al., 2010) . Furthermore, MEL in the brain and gastrointestine of mice were the highest at birth and then gradually decreased until the weaning age (Bubenik and Pang, 1994) . These results demonstrated the importance of MEL involved in intestinal regulation, but our understanding of the mechanisms involved is still lacking. In the present study, we found that MEL could influence chicken intestinal mucosal structure, enhance mucosal epithelium self-renewal, as well as improve the digestive/absorptive function.
The goblet cells are the most abundant secretory lineage of the intestinal epithelia, comprising 10 to 15% of the small intestinal epithelium (Noah et al., 2011) . Importantly, the goblet cells can secret antimicrobial peptides and mucins to maintain gut microbiome compositions. Bar-Shira et al. (2014) demonstrated that the goblet cells and mucin-like layer could keep maternal IgA in chicken small intestine. The present study demonstrated that MEL could increase the goblet cell populations and MUC2 expression in chicken small intestine. Furthermore, duodenal ulcerations in humans were associated with a decreased number of goblet cells (Pugh et al., 1996) . Taken together, these data indicate that MEL is beneficial for intestinal health. Moreover, we showed that treatment of MEL promoted the proliferation and migration of chicken intestinal epithelium, suggesting that MEL could accelerate chicken intestinal mucosa renewal. Our findings implied that MEL can improve the barrier function of chicken intestinal mucosal at an early age in the chicks.
In addition to structural integrity, digestion and absorption are the most important physiological functions of the intestine. Carpentieri et al. (2014) demonstrated that MEL restored chicken intestinal calcium absorption after treatment with a feed additive menadione. Additionally, MEL was shown to inhibit cholesterol absorption in the rat (Hussain, 2007) . These results indicate that MEL can influence the absorptive function of the intestine. It has been demonstrated that the activity of sucrase-isomaltase, maltase, and lactase in chicken intestine increased from E17 to E21 (Chotinsky et al., 2001; Uni et al., 2003; Speier et al., 2012) . Likewise, the mRNA of the nutrient transporter of fructose (GLUT5), neutral amino acid (B O AT), and anionic amino acids (EAAT3) in chicken intestine increased linearly from E20 to D14 (Gilbert et al., 2007) . It is not clear whether MEL can influence these processes. Therefore, we used the qRT-PCR method to detect the expression of nutrient transporter genes in chicken intestine after MEL treatment. The result showed that MEL could significantly promote the expression of GLUT5 and B O AT mRNAs at the duodenum, and increase B O AT and EAAT3 mRNA expression at the jejunum in chicks at D6. In addition, MEL treatment could increase activities of maltase and sucrose at the duodenum, and the activities of sucrase and lactase at the jejunum. These results indicated that MEL could enhance the digestive and absorptive functions of the chick intestine.
The rapid renewal of mouse intestinal epithelium (3 to 5 d) contributes to the intense proliferation and differentiation of ISC that are located at the crypt bottom (Uni et al., 2003; Potten et al., 2009; Barker et al., 2012) . Many studies demonstrated that Notch signaling promotes the differentiation of ISC into the absorptive cell lineage rather than the secretory cell lineage (Stanger et al., 2005; Riccio et al., 2008; Pellegrinet et al., 2011) . Furthermore, Notch1 and Notch2 were identified as the key Notch receptors to regulate intestinal differentiation and mucosal homeostasis (Riccio et al., 2008) . In the present study, we manifested that MEL treatment repressed the expression of Notch1 and Notch2 mRNAs (Notch receptor) in the chicken small intestine at D6. Additionally, MEL treatment decreased the expression of Dll1 and Dll4 mRNAs (Notch ligands) in the chicken intestine. In contrast, MEL treatment increased the populations of the goblet cell and MUC2 mRNA expression in D6 chicken intestine. Studies by Riccio et al. (2008) and Pellegrinet et al. (2011) showed that genetic deletion of both Notch1 and Notch2 or both Dll1 and Dll4 resulted in intestinal secretory cell hyperplasia. The reciprocal changes of the decreased Notch signaling and increased secretory cell population is consistent with our result that MEL treatment led to suppressed expression of Notch signaling elements and elevated proliferation of the goblet cells in the chicken small intestine. Taken together, these results indicate that MEL increases goblet cells by down-regulating the Notch ligand and receptor expression.
In conclusion, treatment of MEL increased the goblet cell population and MUC2 expression and intestinal epithelium proliferation and migration, as well as elevated activities of the digestive enzymes and nutrient transporter gene expression in the chicken small intestine. These results demonstrate that MEL, via suppressing the Notch signaling pathway, plays critical roles in regulation of the chicken intestinal mucosal structure integrity and digestive and absorptive functions.
